To date, most discussion of human immunodeficiency virus (HIV) preexposure prophylaxis (PrEP) failure has focused on a small number of well-documented seroconversions despite adequate medication adherence and detectable drug levels [1] [2] [3] . However, in the broader context of HIV acquisition, these are likely to be rare events, with many more seroconversions occurring among those with access to PrEP who either do not start or do not continue taking PrEP. Identifying and quantifying the contributors to these HIV seroconversions in an era when PrEP is available are crucial to realizing the benefits of PrEP in reducing HIV incidence at the population level.
Although overall use of PrEP is increasing, unacceptable disparities in PrEP uptake have emerged among minority groups in the United States in a pattern that parallels the disparities in HIV incidence [4] [5] [6] . Black men who have sex with men (BMSM), especially in the southeastern United States, have the highest HIV incidence of any race/risk-specific group [7] but also have less PrEP awareness, less self-reported PrEP use, and less persistence on therapy than white men who have sex with men (MSM) [4, [8] [9] [10] [11] [12] [13] . Although black persons make up 44% of those with new HIV infections, they made up only 10% of persons taking PrEP in 2016 [12] . The gaps in PrEP use among young BMSM could exacerbate the existing disparities in HIV incidence [14, 15] . Thus, it is imperative that we address gaps in the PrEP continuum of care [16] .
Marcus and colleagues called in 2017 [17] for redefining "PrEP failure" beyond the biomedical realm, and we seek to expand that concept to include any HIV seroconversion occurring along the PrEP care continuum that begins with awareness of and willingness to take PrEP and culminates in PrEP efficacy with full adherence. Here, we focus on barriers to PrEP efficacy in a cohort of young BMSM occurring in the setting of PrEP education and access provided by the study. By broadening the definition to include all seroconversions occurring when PrEP is available, we seek to bring attention, clinical investigation, and resources to the many obstacles preventing the presence of inhibitory PrEP drug levels at the time of HIV exposure.
STUDY OVERVIEW
In June 2017 we completed enrollment of a prospective cohort (the EleMENt study; NCT02503618) of 300 young BMSM in Atlanta, Georgia, aged 16-29 years, to understand the pathways by which substances influence HIV/sexually transmitted infection (STI) risk, with follow-up continuing through 2019 [18] . Participants include HIV-negative young BMSM who reported ≥1 male sexual partner in the past 3 months. At each study visit, participants receive comprehensive HIV/STI testing and risk-reduction counseling that includes the provision of condoms and lubricants. Participants complete questionnaires to assess demographics, HIV prevention behaviors, and HIV risk factors. HIV-negative participants are followed up prospectively, with visits at baseline and at 3, 6, 12, 18, and 24 months. Those taking PrEP through the study also undergo HIV/STI testing and creatinine monitoring at months 9, 15, and 21. Participants who test positive for HIV or other STIs are linked by study staff to treatment services.
Based on our previous observations of high HIV incidence among young BMSM in Atlanta [6] and the ethical obligation to ensure access to the most effective HIV prevention modalities, we offer nonincentivized PrEP as the standard of care to all HIV-negative participants [18] . All participants receive PrEP education and are offered the opportunity to meet with a study physician for PrEP initiation. Tenofovir disoproxil fumarate-emtricitabine (TDF/FTC) is not directly provided by the study, but a patient navigator assists with access to low-or no-cost medication via the participants' health insurance plan and/or the manufacturer assistance programs. To offer PrEP directly within the cohort and without the need for referral or navigation to external PrEP services, we obtained supplemental funding for financial coverage of provider visits and laboratory costs. As of December 2017, 52.5%of men in the cohort (158 of 300) had attended a PrEP initiation visit and were given a prescription, or had already been taking PrEP outside the study (6.7%; 20 of 300).
TYPOLOGIES OF PREP FAILURES
At interim analysis in December 2017, there were 14 incident HIV diagnoses (6.2% annually). Of these 14 participants, 5 reported no interest in PrEP initiation, 5 expressed interest but did not start taking PrEP before seroconversion, and 4 took PrEP at some time before seroconversion ( Figure 1A ). Of the 4 who took PrEP before seroconversion, we identified 1 with biomedical failure who may have had acute HIV infection at the time of PrEP initiation, 1 with low adherence, and 2 who discontinued therapy altogether. Using these 14 cases, we identified 5 typologies of HIV seroconversion occurring in the setting of PrEP access: biomedical failure, low PrEP adherence, PrEP discontinuation, PrEP contemplation, and PrEP refusal. A framework is presented ( Figure 1B ) to demonstrate the increasing number of seroconversions occurring outside traditional biomedical PrEP failure. We also identified systematic barriers that contribute to PrEP failure across all the typologies.
Biomedical Failure of PrEP
Since Food and Drug Administration approval of TDF/FTC, there have been 3 cases of well-documented PrEP failure in the setting of appropriate adherence and therapeutic drug levels at the time of HIV acquisition [1] [2] [3] . There are also 3 cases of HIV acquisition in patients taking TDF monotherapy for hepatitis B virus infection [19, 20] . In 3 of these 6 cases, infection occurred with drug-resistant viruses. Even without a virus harboring resistance to TDF and/or FTC, a very high-inoculum exposure with significant mucosal injury could potentially overcome therapeutic TDF/FTC levels and allow infection [3] .
In patients who acquire HIV while taking PrEP, presentation can be atypical for acute HIV. Of the 6 patients noted above, only 2 had clinically evident acute retroviral syndrome. Development of HIV-1 antibody can be delayed, viral loads modest, and symptoms minor or absent compared with classic acute HIV infection [21] . Of more concern is the initiation of PrEP during the window between infection and positive results of fourth-generation HIV tests [22] . Participant A in our cohort study ( Figure 1A ) had negative rapid test and qualitative HIV nucleic acid test (NAT) results at his baseline visit. His PrEP initiation visit did not occur until 40 days later owing to difficulties in establishing communication. At that visit, a second rapid HIV test had negative results, and the participant reported no symptoms of acute retroviral syndrome. He started PrEP and reported near 100% adherence (corroborated by pharmacy refill records) at a 1-month follow-up phone call. While adherent to PrEP, he reported unprotected anal intercourse with an HIV-positive partner who was not receiving antiretroviral therapy. At his next study visit 3 months after starting PrEP, a third rapid HIV test result was negative, but the HIV NAT result was positive. Two weeks later, a fourth HIV rapid test result was negative, but a fourth-generation antigen-antibody test result was positive, the viral load was 494 copies/mL, and an HIV genotype showed an FTC resistance-associated mutation (M184V). At the time the participant tested positive, the dried blood spot tenofovir diphosphate level (2382 fmol per punch) was consistent with his taking ≥4 doses of TDF/FTC per week, which is protective against HIV acquisition [23] .
We suspect that this participant either had acute HIV infection at the time of his PrEP initiation visit with a negative rapid HIV test result or was exposed to HIV before achieving protective drug levels; however, a true biomedical PrEP failure cannot be excluded. TDF/FTC may have kept his viral load low, selected for the M184V mutation, and delayed seroconversion despite detectable viremia. Alternatively, he may have been infected with a virus already harboring resistance to FTC, though transmitted M184V mutations are rare [24] . We noted unexpectedly long delays between regular study visits and PrEP initiation visits, primarily owing to difficulty contacting participants along with cancelled and missed appointments. Based on these delays, we updated our protocols to include qualitative HIV NAT at all PrEP initiation visits. Many rapid tests, even those including testing for p24 antigen, have unacceptably low sensitivity for detecting acute HIV infection in a high-incidence population [25] [26] [27] . This case demonstrates the importance of ruling out acute HIV infection at the time of PrEP initiation, either with a fourth-generation antigen-antibody test or with NAT.
Low PrEP Adherence
For optimal efficacy of daily PrEP, ≥4 doses of TDF/FTC must be taken per week [23, 28] . PrEP failure due to low adherence occurs when a participant seroconverts owing to subtherapeutic drug levels. In a review of data from Kaiser Permanente Northern California, overall adherence was 92%, as measured by timing of pharmacy refills [29] . Black patients were significantly more likely to be nonadherent (relative risk, 3.0; 95% confidence interval, 1.7-5.1; P < .001) and patients <30 years of age had a trend toward decreased adherence (1.6; .8-3.3). In a study of adolescent MSM aged 15-17 years receiving PrEP (29% African American), only 22% had inhibitory drug levels of TDF after 48 weeks of follow-up with provision of an adherence-promoting behavioral intervention [30] .
In our cohort, seroconversion occurred in case B owing to low adherence when he traveled on a few occasions and did not bring his medication. All PrEP participants were given a keychain pill holder for "emergency doses" if they forgot medications at home and were offered enrollment in a text-message reminder service. More frequent assessment of adherence and intensive culturally competent counseling, such as client-centered care coordination, provided in HPTN 073, may lead to improved outcomes among BMSM [31] . Therapeutic drug monitoring to identify patients at higher risk of PrEP failure have been developed. In 1 model, investigators were able to direct targeted adherence counseling based on near real-time drug level data resulting in increased biomarker-validated adherence [32] . Other proven interventions to increase adherence to antiretroviral therapy in the HIV-infected population should be evaluated for efficacy in delivery of PrEP [33] . Development of novel adherence support mechanisms will be essential to improving efficacy of PrEP in those at highest risk.
PrEP Discontinuation
There is some overlap between PrEP nonadherence and PrEP discontinuation, but differences can be distinguished by whether users consider themselves to be "on PrEP. " Anecdotally, we have noted that some participants start and stop PrEP for periods of time, while others take PrEP initially and then stop indefinitely. In the Kaiser cohort referenced above, discontinuation occurred in 22.5% of patients by the end of follow-up [29] , similar to the 17% discontinuation rate from a prior interim analysis of our cohort [18] . Reasons for discontinuation include adverse drug effects, changes in perceived HIV risk, and pill fatigue. More granular data on the timing and motivations of specific PrEP start/stop events would strengthen interventions to maintain adherence. In-depth qualitative interviews are ongoing in our cohort to better explain these factors.
Intermittent or temporary PrEP discontinuation for personal or medical reasons poses logistical problems when trying to safely help patients reinitiate in a timely manner. Case C discontinued PrEP for an extended period of time due to an acute medical illness. During the illness and recovery, he reported no sexual activity. However, on feeling better, he immediately reentered a period of high risk. At the time of his recovery, his patient assistance program (PAP) enrollment had expired. When he ultimately presented for repeated HIV testing and reinitiation of PrEP, his HIV test result was positive. In our experience, participants who stop PrEP during periods of abstinence or low risk often wish to reinitiate it once they have already reengaged in high-risk behavior, whereas PrEP should ideally be reinitiated before high-risk behavior. PrEP programs should focus on making it easier to access necessary laboratory testing and obtain new prescriptions, to decrease barriers to PrEP reinitiation.
PrEP Contemplation
Those contemplating PrEP express interest in initiation but fail to start PrEP before HIV acquisition. Case F initially reported no interest in PrEP at baseline and tested HIV negative. However, he reported interest in PrEP 6 months later, on the day he tested HIV positive. Parsons and colleagues [34] used a "motivational PrEP cascade" framework based on the transtheoretical model of change to evaluate willingness to initiate PrEP. Among 995 HIVnegative MSM, the largest dropoffs in the willingness cascade were in the precontemplative, contemplative, and "PrEParation" (mentally preparing to start PrEP) stages. Movement from contemplation to PrEParation was numerically lowest among BMSM, although the difference was not statistically significant. Further research is needed to identify effective methods to shepherd persons from contemplation to initiation when PrEP is available.
We have noted that participants' interest in PrEP waxes and wanes throughout the study; thus, it is important to continually reoffer PrEP over time. There is a tension between respect for patient autonomy-allowing them to "think things over"-and expedient initiation of PrEP for eligible and willing at-risk persons. These concerns should also be balanced against the effectiveness of medications in someone who initiates PrEP without being fully invested [35] . For those who passively display some interest, motivational interviewing could be could be a way to help persons analyze their reasons for and against PrEP uptake [36] .
PrEP Refusal
The most proximal barriers to PrEP implementation are lack of awareness, willingness, and access to healthcare. By enrolling in the study, participants receive PrEP education (awareness) and have access to PrEP care and patient navigation, yet many are not willing to start therapy. In addition, other effective interventions for protection from HIV exist, including condoms and treatment as prevention for partners known to be living with HIV [37] . Although patient autonomy should be respected and validated, it remains important to identify and understand reasons for refusal to improve messaging and education about this proven intervention.
Reasons for refusal of PrEP include low risk perception, concerns about medication adverse effects (case J), medical mistrust, pill aversion (case K), fear of sexual disinhibition, and stigma [38] [39] [40] . The PrEP education video presented in our study may not have been engaging for all participants and may not have specifically addressed participants' concerns. Motivations to use PrEP and perceived barriers can differ by age, race, and income, and messaging should be population-specific whenever possible [41] . Focused and culturally relevant peer education about PrEP could improve interest and mitigate barriers of awareness, adverse effects, stigma, and medical mistrust among minority communities [42] .
Low self-perceived HIV risk has been universally cited as a reason not to use PrEP across a broad range of demographics. Self-perceived risk is inaccurate among some MSM in the United States, with those at highest risk being more likely to underestimate their risk [43, 44] . Evidence-based positive-framed approaches to PrEP education for those at risk of HIV are needed. Golub and colleagues [45] found that a "health promotion" message led to better PrEP comprehension than a "risk reduction" message among young BMSM in New York City. Focus on health-promotion messaging rather than a risk-mitigation approach to PrEP use may assist in normalizing PrEP and decrease potential stigma associated with labeling persons as "high risk" [46] .
SYSTEMS FAILURES
We defined "systems failures" as structural contributors to PrEP failure that are not explicitly related to the individual patient or provider. Rather than define an independent typology of PrEP failure, systems failures contribute to seroconversion in each of the typologies we identified. Systems failures develop at the intersection of both discrete policy-related problems (lack of health insurance, PAP requirements) and more abstract societal barriers to health (stigma, low self-efficacy, low health literacy) [47, 48] . Although not a barrier for participants in the current study, limited access to affordable healthcare [16] , provider unfamiliarity with PrEP, and medication cost also contribute to systems-related seroconversion.
We were unable to provide all participants with same-day PrEP starts or to provide walk-in appointments to initiate PrEP; however, PrEP initiation appointments were available on a weekly basis for participants to schedule. Free transportation was provided by the study through smartphone-based rideshare services and frequent telephone/text/e-mail reminders were sent; nonetheless, there was a 57% no-show rate at PrEP initiation visits. Case E missed 3 PrEP initiation visits before attending a fourth but never successfully filled the PrEP prescription. Increased capacity for same-day PrEP starts could be helpful to increase PrEP uptake; however, this also may lead to higher PrEP discontinuation rates.
Manufacturer assistance programs have been an indispensable component of PrEP provision for study participants. Many participants were uninsured, marginally housed, and/or unstably employed. Obtaining proper documentation of income and residence required by assistance programs was a hardship for our participants and delayed PrEP initiation. All study participants taking PrEP used either the PAP or a copay card; without these programs, PrEP would not be accessible for many. As generic versions of TDF/FTC become available, it is possible that these vital pharmaceutical company-sponsored programs could become less generous without a significant decrease in drug price, which may decrease access to medications [49] .
Participants also experienced delay and difficulty obtaining medications with the use of PAPs (case E) and copay cards. Some pharmacies charged the entire price of TDF/FTC to the copay card, rather than first applying participants' private insurance. For participants with private insurance, prior authorization requests were often required, which also delayed PrEP initiation. Although these delays are not unique to PrEP, a difference of a few days can result in a missed prevention opportunity in persons at high risk of HIV infection.
CONCLUSIONS
Despite its demonstrated efficacy, tolerability, and increasing availability, PrEP implementation remains in its infancy. Along with treatment as prevention, PrEP will be an integral tool in ending the HIV epidemic, but only if its use can be successfully scaled up and provided to those at highest risk [50] . We have conducted a population-level approach to identifying barriers to PrEP effectiveness, with special attention to factors beyond the biomedical realm. Although we believe PrEP should be available to all who are at risk of acquiring HIV without medical contraindication, it is clear that increasing awareness and access to PrEP alone are inadequate. By identifying and addressing specific contributors to low PrEP adherence, PrEP discontinuation, PrEP contemplation, and PrEP refusal, we can ensure that all who desire PrEP can achieve optimal efficacy and realize reductions in population HIV incidence. 
